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SUMMARY 


A limited investigation of the deterioration characteristics of 
22 refractory materials was conducted by exposing them to a stagnation 
temperature of 3,800° F in a Mach number 2 ceramic -heated jet at the 
Langley Research Center. The materials tested were six materials whose 
major constituent was silicon carbide, five cermets whose major constit- 
uent was titanium carbide, six materials whose major constituents were 
metal borides, four cermets containing alumina, and one silicon nitride 
model. Tests consisted of obtaining weight change and appearance changes 
for l/2-inch-diameter hemispherical-nose cylindrical models exposed to 
the air jet for 30 seconds at a time for a total of four runs or 
2 minutes exposure. Curves of weight changes plotted against the number 
of 30-second tests in the jet were obtained. Estimates of average sur- 
face temperature near the stagnation point of the model were obtained 
by use of a special temperature -measuring camera. The models were 
examined before and after the completion of the tests for possible changes 
in microstructure; no significant changes were found. The data obtained 
were analyzed with the view that the oxidation characteristics of the 
materials were the main factor in deterioration of the materials under 
the conditions of the tests. It was concluded that only those materials 
which changed in weight the least could be recommended for further 
extensive application-oriented evaluations. The following materials 
fell in this category: silicon carbide - silicon, chromium - 28 -percent 

alumina cermet, titanium boride - 5-percent boron carbide. The remainder 
of the materials tested had oxidation characteristics which appeared to 
be too severely limiting of their general applications to flight vehicles. 


INTRODUCTION 


The structures and skins of hypersonic vehicles may be aerodynam- 
ically heated in flight to temperatures above 2,000° F. The materials 
which may be used for these vehicles must be able to withstand the high 
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temperatures without significant loss of physical and mechanical prop- 
erties. The deterioration of refractory materials other than oxides in 
air at high temperatures is considerably influenced by the oxidation 
characteristics of the materials. In many cases it is the poor high- 
temperature oxidation resistance which limits the usefulness of other- 
wise excellent materials. It is not sufficient to test the materials 
at high temperatures in quiescent air because many materials form oxides 
which may be somewhat protective under these conditions but not under 
^*li§bt conditions of high speed where mechanical erosion may con- 
tinuously remove the oxides. Whereas most of the refractory materials 
are themselves fairly resistant to mechanical erosion, the oxides are 
generally much less resistant. Thus the oxidation characteristics of 
the material is considered to be the main factor involved in the deteri- 
oration of the refractory materials of this investigation. A material 
which loses weight rapidly is obviously becoming less useful due to its 
decrease in thickness and resultant depletion of mechanical properties. 

A material which gains weight rapidly on oxidation can be just as 
seriously changed in mechanical properties i ince the oxide coating has 
generally poor mechanical properties and the original material is 
decreasing rapidly in thickness also. In cases where dimensional sta- 
bility or surface smoothness is necessary neither of these types of 
materials will prove satisfactory. Further, in many applications it 
would not be desirable to overdesign by allowing for loss of weight in 
one case or loss of properties for oxidation where gain in weight 
occurs. From this it follows that the most useful materials will be 
the ones which change in weight and surface condition the least. 

In order to obtain some estimates of the extent of deterioration 
under conditions of high temperature and supersonic or hypersonic flow, 
a number of refractory materials having excellent thermal shock resist- 
ance properties were selected for testing in the Mach 2, 3,800° F stag- 
aa "^^-on temperature ceramic —heated jet (ref. l) at the Langley Research 
Center. Materials were selected as those whose general physical prop- 
erties made them candidates for nose and lealing-edge materials for 
hypersonic vehicles. These materials cover a range of densities, 
specific heats, and thermal conductivities waich will affect their 
utility in any given application. Table I lists these materials, their 
sources, and other information of interest. Hemispherical-nose cylinder 
models l/2 inch in diameter were obtained for the tests. The scope and 
experimental conditions of the tests were go/erned by the capabilities 
of the ceramic-heated air jet and the limite 1 number of models avail- 
tests in the jet yielded weight-c lange data, approximate 
surface temperatures near the model stagnati jn point and a qualitative 
of" appearance changes. Internal— microstructure— change exam- 
inations were made by metallographic techniques. These results offer 
information of a screening nature to permit ;he selection of a few 
materials for further qualification tests for specific application to 
the design of structures for hypersonic vehicles. 
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MATERIALS AND MODELS 


The materials were selected from a large number which had been 
evaluated in reference 2 for application as f lameholders. Only materials 
which had the best thermal-shock resistance were selected. In all, 

22 materials were selected: 6 had silicon carbide as the major constit- 

uent, 5 were cermets whose major constituent was titanium carbide, 

6 were metal borides, 4 were alumina cermets, and there was 1 silicon 
nitride model. Some of the materials were quite similar to each other 
but had been made by different processes or agencies. Table I lists 
the materials along with source and designations. Approximate composi- 
tions and other data are given where available. Models were machined 
in the shape of hemispherical-nose cylinders of l/2-inch diameter. Fig- 
ure 1 shows a l/2 -inch -diameter model during test. The models were held 
in a conical graphite adapter on the end of a steel sting during the jet 
runs. 


TEST FACILITY AND OTHER APPARATUS 


Laboratory- Sc ale Ceramic -Heated Air Jet 

This facility produces a test jet of heated air with a velocity of 
Mach number 2 and an approximate maximum stagnation temperature capabil- 
ity of 4,000° F. The stagnation pressure is 105 lb/sq in. The useful 
portion of the jet is within a jet column of circular cross section of 
about 5/8-inch diameter. The air is heated by a reverse flow through 
a ceramic -pebble bed which is first heated to the desired temperature. 
Details of the construction and use of this facility are contained in 
reference 1 . 


Laboratory Apparatus 

The models were weighed on an analytical balance to the closest 
milligram. 

Surface temperature estimates of the models while in the jet stream 
were made using a modified K-24 aerial camera and film densities were 
read with a densitometer. Details of the camera and the method of 
estimating temperature by its use are contained in reference 5 . 

Microstructure examinations were made by use of Buehler metal- 
lographic specimen preparation equipment and Bausch and Lomb research 
met alio graphic equipment. 



EXPERIMENTAL PROCEDURES 


k 


Jet Test Procedure 

The models were weighed to the nearest milligram and mounted in 
the remotely controlled mechanism for inserting the model in the jet. 

The pebble bed of the heater was heated to about 4,000° F. The heating 
equipment was shut off and the pressurized a:.r was forced in reverse 
flow through the bed and through the Mach number 2 nozzle. The model 
was inserted directly over the nozzle opening and received the direct L 

blast of the hot air jet. The model was exposed to the jet for 30 sec- 1 

onds and then removed. The air was shut off. The pebble bed tempera- 
ture (usually about 3_>600° F) was read by optical pyrometer as soon as 
possible (approximately 1 minute). Stagnation temperature was taken as 
the average between the initial and final bed temperature readings. 

After cooling under ambient conditions, the model was removed from the 
sting at room temperature and was weighed again. This last weight was 
taken as the initial weight for the next run of that model unless the 
next run for that particular model was delayed for a few weeks. When 
there was a considerable time lag between rui s, the models were reweighed 
just before the next run. Only in a very fev cases was a change in weight 
observed under these conditions and then the data were corrected. Obser- 
vations were made on the appearance of the me del nose as to color, nature 
of oxide or glaze, and evidence of erosion. 

Color motion-picture and temperature cameras were operating during 
the run. The temperature camera films were read by measuring the density 
of the blackened image of the model at a locstion as close to the stagna- 
tion point as possible. These densities were compared to calibration 
charts relating density, exposure, and tempeiature in order to obtain 
the surface temperatures. Temperature data cf the model surface were 
taken on an average of about every 2 seconds during the runs. Figure 2 
shows typical curves of 2-run average camera temperatures near the model 
stagnation point plotted against time in the jet. The motion pictures 
of the runs were taken, in most cases, without any artificial lighting 
because the temperature camera required a relatively dark background in 
order to make the measurements of the model. Thus, the motion pictures 
showed only the glowing nose of the model. 


Microscopic Examination Procedure 

For the microscopic examination of the models, a slice of the 
material was cut off the back end before jet tests. After the jet tests 
the model was cut longitudinally on the center line, and was cut perpen- 
dicular to the length at approximately the base of the hemisphere of 
the nose. The specimens were then mounted to expose internal surfaces 
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in both the longitudinal and lateral directions of the tested model and 
the lateral direction of the untested specimen. The specimens were then 
polished and etched and photomicrographs were made of these surfaces. 

The specimens also were examined visually. These microscopic examina- 
tions were performed to determine whether any observable changes occurred 
to the internal micro structure such as a change in grain or crystal size 
or whether changes occurred in the material close to the model nose sur- 
face as a result of the jet tests. 


L Quantitative Significance of the Data 

1 

The jet conditions were not known precisely. The jet-pebble-bed 
temperature measurements were taken about 30 to 60 seconds before the 
model went into the jet and 60 to 90 seconds after the model came out 
of the jet. The average of these two optical pyrometer measurements of 
temperature of top surface of the ceramic pebble bed was called the 
average stagnation temperature. Thus, the actual jet temperature was 
not measured or accurately known. Unpublished temperature-calibration 
data of this facility indicate that the average temperature as obtained 
from the optical pyrometer measurements mentioned previously is a maximum 
and that the actual stagnation temperature may be as much as 200° F 
lower. For the comparisons of weight -change behavior in this investiga- 
tion it was assumed that all runs were made under essentially the same 
jet conditions. The model weights were taken on an analytical balance 
the precision of which is about ±0.2 milligram. There was some ceramic 
dust in the jet from time to time which adhered to the model nose. Most 
of the time this material could be removed easily and was removed before 
weighing. An investigation of the quantity of dust adhering to the model 
noses showed that it varied from run to inn and that as much as 10 mil- 
ligrams could accumulate. However, since most of this dust was removed 
before weighing a model, it is believed that changes in weight greater 
than 2 milligrams are significant and due to other causes than adhering 
ceramic dust. It is believed that the weight changes were chiefly due 
to oxidation effects including loss of oxides by mechanical erosion as 
well as formation of volatile oxides or solid oxide scales. 


RESULTS AND DISCUSSION 


The data of the weight-change studies of the models in the laboratory- 
scale ceramic -heated jet at an average stagnation temperature of 3*800° F 
and the final condition of the model noses are given in table I. Also 
included under test results in table I are the average surface tempera- 
tures near the stagnation point of the model during the tests as obtained 
by a camera. The numerical average of all points and runs for a given 
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model is the value given in table I. Figure ? shows typical, average 
camera temperature curves as a function of tine for models M-7 and M-19 
w lch dndlcate "that the surface temperature wis essentially constant 

^ hS laSt 25 seconds of the 30-seco:id runs. The weight change 
of the model as a variation with number of 30 -second tests in the jet 

appears in figures 3 to 6 where materials having a common major component 
are plotted on the same figure. 

t . considering the weight-change data, 1~. appears that in many cases 

change for the first 30-second jet test is quite different than that 
or e ast three 30-second tests. This seems to indicate that the 
first run changed the original condition of the model and that subsequent 
runs were tests of the model in the altered ccndition. It would appear 
logical then in making comparisons to consider only the weight-change 
trends for the last three runs of each model. The changes which take 
place during the first run should not be ignored, however, as they may 
represent changes which will occur in use unless the material is 
preconditioned. 

The results obtained for most of these materials appear to be 
approximately explained by consideration of known oxidation character- 
istics of the components present. Classifying the materials according 
to major component seems to be the best procedire for discussing this 
+ aC M t £°f ^ 't° Tk ' 111036 mater ials containing silicon carbide (SiC), M-l 
° ' see *, ? a 11 *! table I), would normally be expected to react 

slightly with oxygen to form a volatile oxide of carbon (CO or CO 2 ) 

and the glassy oxide of silicon (SiC>2) which s uould result in a net gain 

in weight. However, at these temperatures the glass is liquid enough 

0 a b !v, bl0Wn ln the jet stream - ^s, a net loss is to be expected 

and this was observed for all of those models except M-5 (silicon 

carbide - silicon) which showed no net change. When the other component 
is considered, further weight changes may be predicted. For the models 
containing carbon a net loss is expected due to the volatile oxides 
omed. Materials M-2, M-3, and M-4 contained carbon as well as SiC and 
ail of these lost more than M-l which was only SiC. Those models which 
contained SiC and a component other than carbon, that is, M-5 with Si 
and M-6 with silicon nitride (Si^) should gain weight if the glassy 

S102 remains. M-5 showed essentially no weight change yet had slight 
surface erosion. This can best be explained as a balance in weight 
n ue 1:0 ox i da tion and loss due to mechanics 1 erosion, both being 
slight In the case of M-6, the model lost a significant amount of 
weig n the first 30 -second run and in subsequent runs gained slowly 
fjj + f ~ X w ly uniform manner. The behavior of M-6 was quite similar to 
that of M-7, which was pure Si^ k , except that the initial loss was much 

less for M-7. The reason for the initial loss in these two cases is not 
Knovn « 
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The next class was composed of cermets containing titanium carbide 
( TiC ) and a metal or alloy and included materials M-8 to M-12. (See, 
fig. 4 and table I. ) TiC was the major component and its oxidation 
would yield volatile oxides of carbon and solid yellowish titanium 
dioxide (Ti02) which should give a net increase in weight if the TiC>2 
remains on the surface. M-8 containing 10 percent nickel (Ni) and M-9 
containing 20 percent Ni initially showed an increase in weight and then 
started to lose, both tendencies being slight. The loss may have been 
due to loss of the Ti02 by erosion due to the flowing air. However, the 
solid coating was not yellow but brown which indicates that the Ni may 
have been oxidizing too which, with its blackish oxide, NiO, would give 
the brown color observed. These two oxides probably were being formed at 
the same time and were not adherent enough to remain. The remaining 
models containing TiC were M-10 containing 40 percent Ni, M-ll containing 
40 percent nickel-molybdenum alloy (Ni-Mo), and M-12 containing 50 per- 
cent Ni-Mo alloy. All of these last three lost weight quite rapidly and 
there was evidence of a melting of the oxide products. It is known that 
Mo often causes an increase in oxidation rate of alloys and thus it could 
have been expected that M-ll and M-12 would deteriorate fairly rapidly. 
There seemed to be a trend also for greater rates of deterioration of 
these types of cermets with increasing amounts of Ni indicating that TiC 
by itself might be more oxidation resistant than any of these cermets. 

The next major group was those which contained metal borides. (See 
fig. 5 and table I. ) Materials M-13, M-l4, M-15, and M-l8 were pure 
borides, the first three of which were titanium boride (TiB2) and the 
last chromium boride (CrB^); M-l6 was a titanium boride (TiE£) - 5 per- 
cent boron carbide (Bl^C) model, and M-17 was a TIB 2 - Ni model. One 
would normally expect all of these to gain weight since only solid 
products of oxidation are expected in the temperature range covered 
with exception of BqC, a minor constituent of M-l6. It is expected that 
glassy boron oxides will be formed and depending on the amount may become 
liquid and flow back and possibly be blown away or boil away. Several 
of the models had acquired a slight glassy coating and in a few instances 
there was evidence of flow back from the nose of the model. All of these 
models gained weight in the jet runs except M-lp which initially lost 
weight in the first 30 -second run and then gained at approximately the 
same rate as the other TiB 2 models in the last three runs. This appar- 
ently anomalous behavior of M-15 has not been explained. With the metal 
borides, the addition of small amounts of other material seemed to give 
resistance to oxidative deterioration, for example, M-l6, TiB 2 - 5 per- 
cent B^C, had the least weight change and M-17, TiB 2 -Ni, was next best, 
both being significantly more resistant to deterioration due to oxida- 
tion than the pure TiB^ models or the CrB 2 which was the least resistant 
as shown in figure 5- 
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The remaining group of materials was cermets containing alumina 
(A1 2 0j) and a metal or alloy phase. (See fig. 6 and table I.) M -19 

and M-20 were Cr-AlpO^ cermets, M-21 was a Cr-Mo alloy-Al^O^ cermet, 

and M-22 was a chromium-tungsten alloy-alumina cermet (Cr-W alloy-AloO^ 
cermet). For these types of materials the oxidation characteristics ^ 
should be similar to that for the metal or alloy only since A 1 2 0 j is 

already in its highest oxidation state. Thus it would be expected that 
M -19 and M-20 would be the most resistant to oxidation and would gain 
slightly forming a fairly adherent oxide coating. This is what occurred 
and for some unknown reason M-19 gained significantly more than M-20. 

For the models containing the Cr-Mo or Cr-W aLloy it would be expected 
that there should be less oxidation resistance and probably an overall 
loss in weight due to the effect of Mo or W wiich generally catalyze 
oxidation of alloys and form volatile oxides. Model M-21, however, 
gained weight in these tests which was contra ~y to the expected. M-22, 
the Ci -W alloy - A1 2 0j cermet, performed as expected by losing consider- 
ably in weight. 

In general, the composite -type refractories which usually have 
physical properties that are somewhere in between those of the single 
components, have chemical properties approximately the same as the indi- 
vidual components and which probably are quantitatively controlled by 
the concentrations at the reacting surface, as has been noted, many of 
the materials tested exhibited a change in wei.ght for the first 30 -second 
run which was inconsistent with the changes that occurred for the sub- 
sequent three runs. The reason for this is thought to be that the model 
surface was altered in chemical composition by the initial oxidation 
process to the extent that a different oxidatron mechanism was responsi- 
ble for the weight changes of the last three :*uns compared to the first 
run. 


The fact that all of the models, at room temperature, were inserted 
into the jet and heated to equilibrium temperature in about 5 seconds 
and then allowed to cool under ambient conditions to room temperature 
again for 4- cycles without apparent damage, confirmed their good general 
resistance to thermal-shock damage. 

No figures or data are given of the microscopic studies of the 
internal microstructure because the examinations revealed essentially 
no changes in microstructure had occurred due to the testing. 


CONCLUSIONS 

The results of these studies concern the weight change of the var- 
ious materials and the relationship of these cianges to possible useful- 
ness of the materials for hypersonic missile aid reentry vehicle 
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construction. The nature of the results is mainly directed toward 
elimination of some of the candidate materials and the recommendation 
of others for further investigations in application -oriented tests. 

The following conclusions have been reached: 

1 . Materials which showed the best resistance toward deterioration 

in these tests were: silicon carbide - silicon, chromium - 28 percent 

alumina cermet, titanium boride - 5 percent boron carbide. It is believed 
that these materials should be tested for specific applications where 

L better materials are required for high-temperature, supersonic airstream 

1 exposure, as their useful life expectancy is greatest. The silicon 

carbide - silicon material has an advantage over the other two in its 
lower density. 

2 . The following materials are not considered suitable for use in 

situations where high aerodynamic heating occurs: silicon carbide - 

carbon composites, chromium-tungsten - alumina cermets, chromium boride, 
titanium carbide - nickel cermets of nickel content greater than 20 per- 
cent, titanium carbide - nickel -molybdenum cermets. These, in general, 
change in weight much too rapidly to have sufficiently useful life 
expectancies. 

3 - The following materials may be useful for specific applications 
where their type of deterioration is not particularly serious or long 
life is not of primary importance: chromium-molybdenum - alumina cermet, 

titanium carbide - nickel cermet when nickel content is 20 percent or 
less, silicon carbide, titanium boride, titanium boride - nickel, silicon 
carbide - silicon nitride, an d silicon nitride. These would have to be 
further qualified in specific tests. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va. , April J , 196 1 . 
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Figure 1. - Typical 1/2-inch-diameter model durjng test in a Mach number 2 
ceramic -heated air jet at a stagnation temperature of 3,800° F. 
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Figure 5* - Weight-change data for models of materials containing or 

consisting of metal borides. 







Model weight change, milligram 



Number of 30 second tests in jet 

Figure 6. - Weight-change data for models of cermets containing A^O 
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